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ABSTRACT 

We examine the origins of the bimodality observed in the global properties of galaxies around a stellar mass 
of 3 X lO'^M© by comparing the environmental dependencies of star-formation for the giant and dwarf galaxy 
populations. The Sloan Digital Sky Survey DR4 spectroscopic dataset is used to produce a sample of galaxies in 
the vicinity of the supercluster centered on the cluster A2199 at z = 0.03 that is >90% complete to a magnitude 
limit of M* -1-3.3. From these we measure global trends with environment for both giant (M, < -20 mag) and 
dwarf (-19 < Mr <-17.8 mag) subsamples using the luminosity-weighted mean stellar age and Ha emission 
as independent measures of star-formation history. The fraction of giant galaxies classed as old (f > 7 Gyr) 
or passive (EW[Ha] < 4 A) falls gradually from > 80% in the cluster cores to ^40% in field regions beyond 
3-4- Ryir, as found in previous studies. In contrast, we find that the dwarf galaxy population shows a sharp 
transition at 1 7?vir, from being predominantly old/passive within the cluster, to outside where virtually all 
galaxies are forming stars and old/passive galaxies are only found as satellites to more massive galaxies. These 
results imply fundamental differences in the evolution of giant and dwarf galaxies: whereas the star-formation 
histories of giant galaxies are determined primarily by their merger history, star-formation in dwarf galaxies 
is much more resilient to the effects of major mergers. Instead dwarf galaxies become passive only once they 
become satellites within a more massive halo, by losing their halo gas reservoir to the host halo, or through 
other environment-related processes such as galaxy harassment and/or ram-pressure stripping. 
Subject headings: galaxies: clusters: general — galaxies: evolution — galaxies: stellar content 



1. INTRODUCTION 

The star-formation histories, masses and structural prop- 
erties of galaxies, are strongly dependent on their environ- 
ment: massive, passively-evolving spheroids dominate clus- 
ter cores, whereas in field regions galaxies are typically low- 
mass, star-forming and disk-dominated (e.g. iBlanton et alJ 
|2005; Kauffmann et al. 2004, hereafter K04). The Sloan Dig- 
ital Sky Survey (SDSS) has allowed thes e environmental de- 
pendences to be s tudied in detail (e.g. iGomez et alJ l2003t 
iTanaka eta lJ2004ft . showing that for massive galaxies at least 
(<M*-l- 1 mag), star-formation is most closely dependent on 
local density, independent of the richness of the nearest clus- 
ter or group, and is still systematically suppressed for regions 
as far as 3^ virial radii (R,,,>) from the nearest cluster Hence 
the evolution of massive galaxies is not primarily driven by 
mechanisms related to the cluster environment, and instead 
they are most likely to become passive before encountering 
the cluster environment through galaxy mergers, which are 
most frequent in galaxy groups or cluster infall regions. 

The environmental trends of fainter galaxies (Mr>M*-l-l 
mag) have generally been examined using galaxy colors as 
a measure of their star-formation history. Whereas the color 
of massive galaxies becomes steadily redder with increasing 
density, a sharp break in the mean color of faint galaxie s is ob- 
served at a critical density corresponding to ^R, ,, ( Gr ay et alJ 
l2004tlT^naka et alJ2005ft . In addition, the relative fraction of 
red and blue galaxies and the shape of the luminosity function 
of red galaxies over M*-l- 1 <Mr <M*-l-6 mag chan ge dra- 
matic ally with density inside the virial radius ( Mercur i p et alJ 
l2005h . These results imply that the evolution of dwarf galax- 
ies is primarily driven by mechanisms directly related to the 
structure to which the galaxy is bound, such as suffocation 
(whereby galaxies lose their halo gas reservoir to the host 
halo), galaxy harassment and/or ram-pressure stripping. 

These differences in the environmental trends and evolu- 



tion of high- and low-mass galaxies are most likely related to 
the observed strong bimodality in the properties of galaxies 
around a stellar mass of ^3 x 10'"Mq (^^M*-!- 1 mag), with 
more massive galaxies predominately passive red spheroids, 
and le ss massive gal axies tending to be blue star-forming 
disks ( Kauffmann et al.-2003a.k hereafter K03a,K03b). This 
implies fundamental differences in the formation and evolu- 
tion of giant and dwarf galaxies, and it has been proposed 
(e.g. Dekel & Birnboim 2006) that this is related to the way 
that gas from the halo cools and flows onto the galaxy, which 
affects its ability to maintain star-formation over many Gyr. 

We examine the origins of this bimodality by compar- 
ing the environmental dependences of star-formation in gi- 
ant and dwarf galaxies. The SDSS Data Release 4 (DR4; 
lAdelman-McCarthv et al.P 2006) is used to construct a sam- 
ple of galaxies over a 26 x 26 Mpc^ region containing the su- 

Siercluster centered on the rich cluster A2199 at z = 0.0309 
Rines et al.! '2002) that is >90% complete to M* -1-3.3, and 
for which we estimate the mean stellar ages and current star- 
formation rates (SFRs) of galaxies through their spectral in- 
dices. We adopt a cosmology with VIm = 0.27, JIa = 0.73 and 
Ho = 73 km s"' Mpc'^ ( Spergel et al. 200&). 

2. THE data 

The data consists of those galaxies from the SDSS DR4 
spectroscopic catalog in the vicinity of the z = 0.03 super- 
cluster, defined here as the region 15''56"' <RA< 17''00"', 
H-34° < Dec < -1-46°, and within 2 000 km s"' of the redshift of 
A2199. The SDSS spectroscopic magnitude limit of r = 17.77 
mag means that at z = 0.0309 the data covers galaxies with ab- 
solute magnitudes M,. < - 1 7 . 8 mag (k-corrected to z = using 
KCORRECT v3.2; Blanton et al. 2003a), or M,. < M* -I- 3.3 mag 
(M; =-21.15 mag at z = 0.0309; Blanton et al. 2003b). We 
define two galaxy subsamples from this dataset: a giant sub- 
sample of the 546 galaxies with M^ < -20 mag, which can be 
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Fig. 1 . — Bivariate volume-weighted (lA^max) number density distribution 
of all 0.005 <z<0.10 galaxies as a function of mean stellar age and M^. 
Contours are logarithmically spaced, with the thick contours separated by a 
factor 2 change in number density. The dashed-line indicates the boundary 
defined to separate old and young galaxy populations. 

directly compared with previous studies; and a c/waz/subsam- 
ple of 777 galaxies with -19 < M,. <-17.8 mag. 

We use the stellar indices of the Garching SDSS DR4 
catalogs (K03a), in which the emission-line fluxes are cor- 
rected for st ellar absorption using a c ontinuum-fitting code 
based on the 'Br uzual & C hariot' ("2003", hereafter BC03) pop- 
ulation synthesis models ( Tremonti et al. 2004). Each in- 
dex/color is corrected for internal dust extinction by adopt- 
ing the values of K03a and the A"*^^ attenuation law of 
iCharlot & Fal]H2000l) . The r-band luminosity- weighted mean 
stellar age (hereafter described as the 'age') of each galaxy 
is estimated by simultaneously fitting the d4000 (as defined 
in lBaloghet alJ 11999 ). HSa, H/3 and [MgFe]' indices and 
(g-r), (r-i) colors to BC03 model stellar populations hav- 
ing exponentially-decaying SFRs with time-scales between 1 
and lOGyr, a Salpeter IMF, and metallicities 0.4-2. 5Zq. In- 
dependently, we also consider the Ha e mission which can be 
directly related to the current SFR (e.g. Kennicutt 1998). 

The local environment is quantified by considering all 
1940 galaxies spectroscopically confirmed as lying within the 
A2199 region defined above, including a further 142 galaxies 
(mostly from Rines et al. 2002) not contained within SDSS 
DR4. The local galaxy number density, p(x,z), is determined 
for each galaxy using a variant of the adaptive kernel esti- 
mator (Pisani 1996), whereby each galaxy is represented by a 
Gaussian kernel in redshift-space, K(x,z), of width 500 km s"' 
in the radial direction, and whose transverse width is set to the 
distance of its 5''' nearest neighbor within 500kms"\ a value 
and approach motivated to define the environment of a galaxy 
on the scale of its host halo (e.g. K04; Yans et al. 2005). 

Galaxy clusters and groups in the region are identified as 
local maxima in p{x,z), and can be reliably characterized 
in terms of their member galaxies, velocity dispersions and 
virial radii (as in Girardi_et_aL. L998:) for groups as poor a s 
~ 200 km s"' using the biweight algorithm jBeers et alJl990h . 

3. RESULTS 

Figure [2 shows the relation between mean stellar age and 
M,. for all 0.005 < z < 0.10 galaxies in the Garching SDSS 
DR4 sample. The distribution is clearly bimodal, with a pop- 
ulation of bright i^L*) galaxies «10Gyr old, and a pop- 
ulation of fainter galaxies dominated by young (^3Gyr) 
stars. We henceforth describe these two populations as old 
(f > 7 Gyr) and young (f < 7 Gyr) galaxies, and remark here 
the apparent lack of faint (M,. >-19 mag) old galaxies. We 



_ 










^ " ~ ~ 










1 

/ 


1 ^ '^^^ 

/ - 
/ / / 
J y 
/ y 






/ y 


— ' / 






_ Mr < -20 
_''-19<Mr<-17.8 












1 



0.1 1 10 



1.0 






1 '1 


0.8 




i 




0.6 


age > 7 Gyr 

- Ha<4A // 






0.4 








0.2 






Mr<-20 " 


0.0 


^ 




-19 < Mr < -17.8 

n 



0.1 1 10 

Local Galaxy Density p (x,z) Mpc ?(500 km s"' ) 



Fig. 2. — Top panel: The distribution of mean stellar age as a function 
of local galaxy density, p(x,z) for giant (red) and dwarf (blue) galaxies. 
The solid and dashed lines show respectively the median and interquartile 
values of the age distribution in bins of 50 galaxies. The color-shaded re- 
gions on the left indicate the corresponding values for the whole SDSS DR4 
dataset. Bottom panel: The fraction of giant (red) and dwaii' (blue) galaxies 
with high mean stellar ages (f > 7 Gyr; solid) or little ongoing star-formation 
EW(Hq) <4A; dotted) as a function of environment. The corresponding 
fractions for the whole SDSS DR4 dataset are shown by the left axis. 

Stress that "old" galaxies may well have been assembled at 
much later epochs than when the bulk of their constituent 
stars formed, while "young" galaxies may also contain sig- 
nificant old stellar populations. Additionally, a number of 
systematic effects could affect our age estimates. These in- 
clude the choice of model star-formation histories and stel- 
lar populations (e.g. Maraston 2005; Tantalo & Choisi 2004), 
aperture bias effects, and the impact of [a/Fe] abundance 
ratio variations, particularly on o ld metal-rich populations 
fThomas, Maraston & Korn"2004"). However, we stress that 
the same bimodality is apparent in each of the age-sensitive 
indices (see e.g. K03b), while the individual classification of 
galaxies as young or old, and the resultant trends with envi- 
ronment are both found to be robust for any reasonable choice 
of model or indices used. 

The dependence on local galaxy density of the distribution 
of stellar ages for giant (shown in red) and dwarf (blue) galax- 
ies is shown in the top panel of Fig.|2l The solid and dashed 
lines show respectively the median and interquartile values of 
the age distribution. Both giant and dwarf subsamples show 
a steady increase of age with local density from field values 
(color-shaded regions) to the high-density regions where both 
giant and dwarf populations are predominately old. In all en- 
vironments giant galaxies are on average 1-7 Gyr older than 
dwarfs. Moreover as density decreases, the age distribution of 
giant galaxies extends to include ever lower ages, while that 
of dwarf galaxies gets younger but also narrows, so that at the 
lowest densities only young(< 2 Gyr) galaxies are found. 

The lower panel of Fig. shows the fraction of giant and 
dwarf galaxies with f > 7 Gyr as a function of environment 
(solid curves). In the highest-density regions > 80% of both 
giant and dwarf populations are old. Whereas the fraction 
of giant galaxies with f > 7 Gyr declines gradually with de- 
creasing density to the global field value of ^ 50%, that of 
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Fig. 3. — The mean r-band luminosity weighted stellar age (solid colored circles) as a function of spatial position in the A2199 supercluster environment, 
for dwarf (— 19 < M,- < -17.8 mag; left) and giant (Mr < -20 mag; right) galaxies. The black contours represent the local luminosity-weighted surface density of 
galaxies with redshifts within 2 000 km s"' of A2199. While old giant galaxies are ubiquitous, old dwarf galaxies are found only in the densest regions. 

cated within the virial radius of one of the clusters or groups 
(shown by green circles). In addition, as before, none of the 
passive dwarf galaxies are found to be isolated: those not 
in one of the clusters or groups are associated with an L* 
galaxy, and often these neighbors are more luminous yet, hav- 
ing r < 13.3 mag or > 3L* (shown as open black squares). 

4. DISCUSSION 

Using two independent indicators of the past and present 
star-formation in galaxies, we present a clear demonstration 
of the quite different relationships between star-formation and 
environment for giant (^L*) and dwarf (<0.1L*) galaxies. 
As found in previous studies, giant galaxies (M^ < -20 mag) 
show a gradual transition from >80% being classed as old 
(f > 7 Gyr) or passive (EW[Hq;] < 4 A) in the cluster cores, to 
field regions beyond 3-4/?,,,, where still ~40% are classed 
as passive. These results can be understood in the context of 
massive galaxies becoming passive through galaxy-galaxy in- 
teractions: the finding of both passive and star-forming galax- 
ies in all environments reflects its stochastic nature and its 
independence from large-scale structure. The gradual over- 
all trend reflects the increasing probability with density for a 
galaxy to have undergone a major merger in its lifetime. 

In contrast the dwarf galaxy population (-19<M, <-17.8 
mag) shows a sharp transition at ^Ryh, from being predom- 
inantly old and passive within the cluster, to outside where 
virtually all galaxies are young and forming stars, and passive 
galaxies are only found as satellites to more massive galax- 
ies. These findings are supported by the observed dependen- 
cies of galaxy clustering on luminosity and color, in which 
the galaxies associated with the most overdense regions on 
< 1 Mpc scales are found to be both the brig ht (M^ < -22 mag) 
and faint (Mr>- 19 mag) red galaxies jHogg et al.l l2003t 
'Zehav i et al J 120051) . These dependencies were successfully 
reproduced by the sm oothed p article hydrodynamics cosmo- 
logical simulations of Berlind et al. (2005), who identify the 
passive low-mass galaxies as satellites within more massive 
halos. 

The observation that no passive dwarf galaxies are found 
in isolated (with respect to >L* galaxies) low-density re- 
gions implies that galaxy merging cannot be effective in com- 
pletely terminating star-formation in low-mass galaxies, par- 
ticularly as in this study these regions represent the infall 



dwarf galaxies drops rapidly to < 20% at densities typical at 
the cluster virial radius (shown as the shaded stripes in Fig.|2}, 
and continues to decrease, tending to zero for the lowest den- 
sity bins. Identical trends with density are independently ob- 
tained (dotted curves) when passive galaxies are identified 
from th eir lack of Ha emission (RWrHn-l <4 A: lBalogh et aH 
llOOii). iBalogh et all j20041j ) obtain similar trends using 
red (u - r) colors to identify passive galaxies, except that a 
small fraction (^ 10%) of red low-mass galaxies remains even 
in low-density regions, which could represent contamination 
from dusty star-forming galaxies (e.g. W olf e t al- 2005). 

To relate the differences in the trends directly to the effect of 
the supercluster. Fig. |3l shows the mean stellar age as a func- 
tion of spatial distribution, for the dwarf (-19<M, <-17.8 
mag; left panel) and giant (Mr <-20 mag; right panel) galaxy 
subsamples. Each supercluster galaxy is indicated by a solid 
circle whose color represents its age from red {t>9 Gyr) to 
blue (f < 3 Gyr) , while the black isodensity contours repre- 
sent the local luminosity-weighed galaxy density. 

The giant galaxy population in the centers of clusters 
or groups are predominantly old (>9Gyr), whereas in re- 
gions outside of any structure, there is a complete range of 
galaxy ages with an equal interspersed mixture of both young 
(<3Gyr) and old galaxy populations, indicating that their 
evolution is driven primarily by their merger history rather 
than by direct interactions with their large-scale environment. 

In contrast, the mean stellar ages of dwarf galaxies are 
strongly correlated with environment: while the cores of the 
richest (cr > 500 km s"') clusters are still dominated by old 
(>7 Gyr) galaxies, elsewhere almost all (>95%) of the dwarf 
galaxies are dominated by young (< 3 Gyr) stars, and of the 
few remaining old galaxies all are found in either poor groups 
or <200kpc from an old giant i^L*) galaxy. 

As an independent observation of these effects. Fig. |3 
shows the the spatial distributions of dwarf (left panel) and 
giant (right) galaxies identified as passive by their lack of sig- 
nificant Ha emission (EW[Ha] < 4 A; solid red circles). 

As in Fig. |3j the spatial distributions of dwarf and gi- 
ant galaxies without Ha emission are completely different: 
whereas the passive giant galaxies are found throughout the 
region covered, passive dwarf galaxies are very strongly con- 
centrated towards the cluster environments, with >90% lo- 
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Fig. 4. — The distribution of galaxies with (solid blue circles) and without (EW(Ha) < 4A; soHd red circles) Ha emission in the A2199 supercluster 
environment, for dwarf (—19 < M,- <— 18 mag; left) and giant (Mr <-20 mag; right) galaxies. Black squares indicate r< 13.3 mag (>3L*) galaxies. Isodensity 
contours are shown as in Fig.|3l The green circles indicate the virial radii of the galaxy groups/clusters associated with the A2199 supercluster. 



regions of the supercluster where low-velocity encounters 
should be most frequent. Low-mass galaxies become passive 
only when they become satellites within a more massive DM 
halo and their halo gas reservoir is lost to that of the host, 
"suffocating" the galaxy ( Larson, Tinslev & Caldwell 198^ 
Ifiekki. Couch & Shiova 2002), or through directly cluster- 
related mechanisms such as galaxy harassment and/or ram- 
pressure stripping. 

These differences can be understood in the context 
of the hot and cold gas infall ( Dekel & Birn boim 200^ 
l^res et al. 2005) or AGN feedback (e.g. lCroton e t al. 2006; 
iHopkins et al 2006.) models of galaxy evolution. When gas- 
rich galaxies merge, tidal forces trigger a starburst and fuel 
the rapid growth of the central black hole, until outflows from 
the AGN drive out the remaining cold gas from the galaxy, 
rapidly terminating the starburst. In massive galaxies, the gas 
in the halo is also heated by stable virial shocks, and is pre- 
vented from cooling by feedback from quiescent accretion of 
the hot gas onto the black hole, effectively shutting down star- 
formation (Croton et al. 2006). Because black hole growth is 
strongly dependent on galaxy mass, AGN feedback in low- 
mass galaxies is much les s efficient at expelling cold gas 
or affecting star-formation (ISpringel. di Matteo & Hernauist 



2005). In addition, low-mass galaxies self-regulate their star- 
formation through supernova feedback, preventing starbursts 
that exhaust the cold gas, which in turn is constantly re- 
plenished by cold streams, so that their ability to maintain 
star-formation over many Gyr is much less affected by their 
merger history. 
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